Most of the world's railways are on ballasted track, which is generally used in preference to slab track because of its lower initial cost and the relative ease with which track geometry can be adjusted. However, the accumulation of track movements as a result of trafficking leads to a gradual deterioration in track line and level, hence the need for periodic corrective maintenance. This is usually by tamping; a process in which the track is lifted and vibrating tines are inserted into the ballast and moved horizontally to raise the ballast surface back to the required level. The period before further maintenance is required decreases with each tamp. This paper investigates one of the reasons for the deterioration in ballast robustness following tamping, with reference to triaxial tests on scaled ballast in which vertical loading cycles and the stress reversal caused below the railseat by tamping were simulated. It is shown that the stress reversal disrupts and loosens the vertical load bearing ballast structure developed during trafficking to support vertical train loads. On reloading after tamping, the track settles significantly and, as a result of the loss of vertical load-bearing structure, with further load cycles rapidly returns to its reduced height. The implication is that maintenance by tamping is, on its own, disruptive to the structure and resilience of the ballast to vertical cyclic loading, and should be carried out as rarely as possible.
Introduction
Most of the world's railways are on ballasted track; a situation that is likely to prevail for the foreseeable future not least because of the volume of the current asset base. Ballasted track is generally adopted in preference to slab track because of its lower initial cost and the relative ease with which track geometry may be changed. However, the accumulation of track movements as a result of trafficking leads to a gradual deterioration in track line and level. Deviations from the required line and level must be corrected through maintenance before they start to affect operational efficiency, passenger comfort or railway safety.
Maintenance to correct track geometry is usually carried out by tamping during overnight possessions ( Figure 1 ). The track is lifted and vibrating tines are inserted into the ballast to squeeze the ballast horizontally, raising the ballast surface back to the required level. There are two primary mechanisms of motion present for the tamping tines. The first is a higher frequency vibratory motion of low amplitude taking place at up to 40 Hz. This motion breaks the interparticle contact momentarily allowing the tines to be pushed into and through the ballast. The second motion is a larger amplitude squeezing motion as the tines are brought together beneath the railseat, raising up the surface height of the ballast in this location to bring the track level back to the intended position ( Figure 2 ).
It is well-known that after each tamping cycle the ballast settles at a faster rate with trafficking and returns to its pre-maintenance profile sooner [1] . This is ascribed to a temporary loss of strength and stiffness (see e.g. [2 & 3] ) and/or a physical degradation related to the attrition of the ballast particles [4] [5] [6] . The initial loss of strength and stiffness may be addressed either by imposing a temporary speed restriction so that through the process of trafficking the ballast performance improves before higher speed trains, with their associated higher dynamic loading, are permitted; or more quickly through application of dynamic track stabilization techniques. It is also known that a tamping lift of at least the average ballast grain size (~40 mm) is needed to show a lasting improvement in track geometry [1] . The attrition of the ballast particles may largely be attributed to the higher frequency (~40hz) lower amplitude vibration of the tines, while the lift imposed is largely due to the larger amplitude, quasi-static squeezing motion of the tines. What does not seem to have been identified explicitly in the literature is the loss of ballast structure that tamping must inevitably cause. Fabric structure (i.e. the spatial arrangement of particles and associated voids) has a strong influence on the mechanical behaviour of natural soils (e.g. [8, 9, 10, 11, and 12] ). Fabric is also increasingly being recognised as important in the behaviour of placed materials such as embankment fills [13] . Following initial placement, ballast structure develops with cumulative cycles of vertical load. These cause the ballast grains to settle and rearrange, thereby establishing relative positions suited to carrying the vertical loads imposed by trains with minimal or no further rearrangement. Tamping, by the application of essentially horizontal loads, establishes a
Modelling the effects of trafficking and tamping on scaled railway ballast in triaxial tests 4 new structure no longer suited to carrying vertical external loads. Thus when vertical loading by trafficking resumes significant further rearrangement of the ballast structure and an accompanying deterioration of the track geometry are inevitable.
The work reported in this paper is based on a series of triaxial tests on scaled ballast specimens, in which cyclic vertical loading was interspersed with episodes of horizontal loading (i.e. a change in the direction of the major principal stress from vertical to horizontal), simulating the larger amplitude motion of the tines in squeezing the ballast beneath the railseat to raise the surface height.
Background
Railway ballast is a uniformly graded coarse aggregate with grains typically in the size range 20 mm to 65 mm. It is generally accepted that the best quality ballast is formed of crushed igneous rock with high abrasion and fracture resistance [14] , although some metamorphic and well cemented sedimentary rocks may also perform satisfactorily. Materials used in practice are often what is locally available, hence rock types used vary across the world.
Modern ballasted track generally has a minimum depth of ballast of 300 mm below the sleeper base placed on prepared subgrade whose characteristics depend on local conditions. This ballast depth may be reduced slightly in some circumstances but must remain sufficient for tamping tines to be inserted.
Previous work on the cyclic laboratory testing of railway ballast (e.g. [15] [16] [17] [18] [19] [20] ) has focused on the global mechanical properties of strength and stiffness in monotonic and cyclic vertical loading, with cyclic tests also investigating settlement. In general over stress cycles representative of train loading, settlement rates reduce as the number of load cycles increases. At the same time, the stiffness generally increases [21, 22] . However, at certain threshold values, either after a certain number of load cycles or when the stress path becomes more onerous, the settlement rate may increase. Most tests did not consider the effects of tamping.
Materials and methods: Triaxial testing

Scaled ballast
To avoid the need for very large specimens and associated testing apparatus, the triaxial tests were carried out on a 1/3 size parallel gradation [23] of a natural crushed granite ballast material mapped from a Network Rail standard ballast grading curve ( Figure 3 ). Provided the scaled material is from the same parent rock as the full size material the scaled material reproduces satisfactorily key aspects of grain shape ( Figures 4 and 5 ) and, at least in monotonic tests the strength of the full size material [24] [25] [26] . There will remain some differences between the relative grain shape performance and mechanical properties of the 1/3 size material and those of full size ballast. However, the use of 1/3 size material gives insights into the trends of behaviour that may be expected at full size with the advantage that standard testing apparatus can be used and specimens more easily prepared. Scaled ballast:
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Triaxial text apparatus
The triaxial apparatus [27] shown in Figure 6 had the capacity to test cylindrical specimens 300 mm high and 150 mm in diameter. The specimen diameter to maximum grain size ratio (D/d max ) was more than 6 (150/21=7.1), which is generally considered to be sufficient for the specimen to behave as a representative elemental volume with the effects of any individual grains being relatively negligible [28] .
Simulation of the change in major principal stress direction caused by tamping required the application of a negative deviator stress to keep the vertical stress constant while the cell pressure was increased. To facilitate this, some modifications were to the standard apparatus were needed, including the use of a modified ball jointed top platen ( Figure 7 ). 
Specimen preparation
A 2 mm thick latex membrane was pulled up inside and rolled over a split cell mould and held in place by O-rings at both the top and the bottom. A porous disc was placed at the bottom and held in place using flexible metal clips. The split mould was then filled with scaled ballast, placed in three layers. Each layer was vibrated for 1 minute under its own weight, followed by 1 minute with a 5 kg mass on top. The top of the specimen was levelled by placing individual grains by hand, followed by further vibration under self-weight.
These preparation methods resulted in specimens of similar bulk density ( Table 1 ). The split mould containing the specimen was then transferred to the triaxial cell base and the metal clips were removed. The membrane was pulled over each end and secured using the two Orings ( Figure 8a ) with silicone grease used to maintain the seals. An internal suction of approximately 20 kPa was maintained to prevent the specimen from slumping when the split cell mould was removed (Figure 8b ). The cell was placed and filled with de-aired water, the air vents closed and the cell pressure applied. The internal specimen suction was then relaxed and a valve opened to connect the inside of the sample to atmospheric pressure. Finally the deviator stress was increased to the required initial value.
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Triaxial test data
The test results are evaluated in terms of:
• changes in specimen height with number of load cycles • changes in resilient modulus with number of load cycles • variation of stress ratio (q/p') with axial strain during the extension stage The resilient modulus is defined as the cyclic change in deviator stress divided by the recoverable (resilient) axial strain during unloading in a triaxial test [29] . Changes in specimen height rather than vertical strains are used because of the coarse grained nature of the scaled ballast, and to aid interpretation of lift relative to grain size.
Triaxial test
Trackbed loading -basis for applied stress in triaxial tests
The cycles of stress applied in the testing represented the stress paths followed by an element of ballast immediately beneath a railway sleeper, below the rail (Figure 9 ).
Figure 9: Element of ballast
Stress transfer from the wheel through the rail and into the ballast depends on the bending stiffness of the rail and the sleeper, the properties of the railpad and the support stiffness of
Testing Programme
The tests comprised approximately 1000 cycles of vertical loading (simulating trafficking), followed by either one or ten loading cycles in which the lateral stress was increased then decreased while the vertical stress was held constant (simulating the change in direction of major principal stress caused by tamping), and then a further 1000 to 1925 vertical loading cycles to simulate the effect of trafficking immediately after. The number of load cycles applied was relatively few compared with the numbers of load cycles in reality, but was sufficient to evaluate behavioural trends.
Two types of cyclic traffic loading were applied i. The cell pressure was held constant while the vertical stress was cycled ii. The cell pressure and vertical stress were cycled simultaneously. Vertical (axial) load was generally cycled with a period of 5 minutes, except for the first two cycles for which a period of 10 minutes was used to allow bedding in.
The test parameters and the load paths applied are shown in Table 1 
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Tests T1 and T2 included cell pressure cycles intended to reflect the increase/decrease in lateral (confining) stress at low numbers of cycles seen in the work by Stewart et al., [31] and were considered to be more realistic, of how the stresses cycle in the trackbed initially.
In tests T3 to T6 a constant confining stress of either 45 kPa or 55 kPa was applied representing a maximum confining stress per cycle in a conventional triaxial test. . Monotonic tests on the same scaled ballast gave peak stress ratios approaching 7.5 and peak angles of shearing resistance approaching 50° at low (15kPa) confining stress [26] . Considering the likely loading (section 4.1) and the material properties determined in monotonic tests, the stress ratio was set not to exceed 6 in any test. This represents a mobilised effective shearing angle of 46° and was considered to be close to the limit for long term cyclic stability of the scaled ballast tested.
Triaxial Results
Figures 10 to 12 show the variation in specimen height with the number of loading cycles. In each case the initial height was 300 mm. In the only cycled extension test stage applied (T4) the major change in height occurred during the first extension cycle and therefore the results of this test are similar to those where only a single cycle of extension loading was applied (T2, T3, T5 and T6). The thickness of the line representing the main loading cycle is due to the full cycle being plotted, hence indicates the resilient change in height over each cycle (generally 0.3 to 0.4 mm). Tests T1 and T2 show greater reductions in height during the initial 1000 vertical loading cycles than tests T3 to T6. This was largely due to the more onerous cyclic loading in tests T1 and T2 in which both principal stresses were cycled. The increase in height during the extension stage varied between tests even where the applied stresses were the same, indicative of a natural variation between specimens. For tests T2, T3 and T4 the extension stage was calibrated to return the specimen height close to its initial value. However, owing to the greater height reduction during the initial 1000 cycles, specimen T2 only recovered about half the height lost. Specimens T3 and T4 reduced in height by similar amounts during the initial 1000 cycles and the extension stages returned the heights close to the initial value.
The extension stages for specimens T5 and T6 imposed more onerous loading conditions than the extension stages of tests T2 to T4, which increased the specimen heights to above their initial values. After the extension stages in tests T4 to T6, a significant reduction in height occurred on the first subsequent cycle of vertical loading. With continuing cycles, the specimen heights tended to their values prior to the extension stage, although for those samples lifted above their initial height the final height remained at least slightly above the final pre-extension stage value. This confirms the observation by Selig and Waters (1994) that a tamping lift of at least the average ballast grain size (~12 mm for scaled ballast) is needed to show a lasting improvement in track geometry. The resilient modulus drops after the extension stage, consistent with the loosening of the compacted ballast layer during tamping. With continuing stress cycles the resilient modulus recovers towards its pre-extension stage value. Figure 15 shows graphs of stress ratio against axial strain for the extension stage stress cycles in tests T2 to T6. The axial strains were re-zeroed at the start of the extension stage so that each stress path starts from the origin.
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Conclusions
The triaxial tests have provided data on settlement, stiffness and the effects of simulated tamping, showing that:
• Initial cycles of loading produce more significant settlements than subsequent cycles • Cycling both principal stresses causes reduced stiffness and greater settlement than cycling the major principal stress alone • After an extension stage simulating tamping, the trends of stiffness and settlement with number of vertical loading cycles quickly return to their previous paths • Overlifting during the extension/simulated tamping stage is required to maintain the ballast level above its pre-tamped level as the number of subsequent verticalloading cycles increases. This study has highlighted a potential unintended consequence of tamping maintenance of ballasted railway track, i.e. the loss of resilient stiffness and resistance to vertical loading caused by changes in the major principal stress direction from vertical to horizontal disrupting the ballast structure. Given the initially high rates of settlement after simulated tamping, which are comparable to that for the initially placed material, tamping should ideally be carried out as rarely as possible.
